The elements of the cellular immune response in human coccidioidomycosis remain undefined. We examined the ex vivo release of an array of inflammatory proteins in response to incubation with a coccidioidal antigen preparation to ascertain which of these might be associated with diagnosis and outcome. Patients with a recent diagnosis of primary pulmonary coccidioidomycosis and a control group of healthy subjects were studied. Blood samples were incubated for 18 h with T27K, a soluble coccidioidal preparation containing multiple glycosylated antigens, and the supernatant was assayed for inflammatory proteins using the multiplex Luminex system. The presentation and course of illness were compared to the levels of the inflammatory proteins. Among the 31 subjects studied, the median time from diagnosis to assay was 15 days. Of the 30 inflammatory proteins measured, the levels of only 7 proteins, granulocyte-macrophage colony-stimulating factor (GM-CSF), interleukin-1 receptor alpha (IL-1RA), interleukin-1␤ (IL-1␤), interferon gamma (IFN-␥), IL-2, IL-13, and tumor necrosis factor alpha (TNF-␣), were more than 10-fold above the levels seen without antigen stimulation. The levels of IFN-␥ and IL-2 were significantly elevated in those subjects not receiving triazole antifungal therapy compared to those who were receiving triazole antifungal therapy. While the levels of IL-1RA were nonspecifically elevated, elevated levels of IL-13 were seen only in those with active pulmonary coccidioidomycosis. Only six cytokines were specifically increased in subjects with recently diagnosed primary pulmonary coccidioidomycosis. While IFN-␥, IL-2, and TNF-␣ have been previously noted, the finding of elevated levels of the innate cytokines GM-CSF and IL-1␤ could suggest that these, as well as IL-13, are early and specific markers for pulmonary coccidioidomycosis.
C
occidioidomycosis is a fungal disease that is endemic to large portions of the southwestern United States as well as northern Mexico and portions of Central and South America (1) . Cellular immunity has long been recognized to play a critical role in protection against coccidioidal infection (2) . While measurement of cellular immunity in coccidioidomycosis was pioneered by Smith et al. using the skin test (3) , ex vivo release of cytokines by peripheral blood mononuclear cells (4) or even whole blood (5) after coccidioidal antigen incubation also appears to predict the development of an appropriate cellular immune response and allows a more detailed assessment of the immunological response than the skin test.
We have previously shown that the coccidioidal antigen preparation T27K induces a specific ex vivo cellular immune response among humans with coccidioidomycosis that correlates with delayed type hypersensitivity to coccidioidin skin testing (6) . These studies have focused principally on the T-helper type 1 cytokines interferon gamma (IFN-␥), interleukin-2 (IL-2), and tumor necrosis factor alpha (TNF-␣). In the present study, we have broadened our approach and attempted to determine what other cytokines, chemokines, and growth factors are released ex vivo in response to incubation of whole-blood samples with T27K, studying subjects with recently diagnosed primary pulmonary coccidioidomycosis. In addition, we have tried to ascertain which of these correlate with initial clinical expression of illness and which correlate with the eventual outcome. We used a magnetic multiplex system that measures a total of 30 inflammatory proteins.
(This work was presented in part at the 7th International Coccidioidomycosis Symposium held 10 to 13 August 2017 at Stanford University.)
RESULTS
Description of the cohort. A total of 31 subjects were enrolled in the study. Their characteristics are displayed in Table 1 . The median age was 64 years, and 29 of the subjects were male. Twenty-one were white, non-Hispanic. There was a median of 15 days from the time of diagnosis to the time of assay, and all but two subjects were tested within 1 month of diagnosis. Two patients were tested beyond this point; one at 43 days and the other at 98 days. In both cases, this occurred because of a delay in referring the patients to the coccidioidomycosis clinic. An underlying disease was present in 18 subjects, with diabetes being the most common. Twenty-six subjects had pulmonary coccidioidomycosis, followed by five who presented with a positive serology only. Among those with pulmonary disease, 13 had primary pneumonia, and 13 had sequelae from this, with seven subjects presenting with a pulmonary nodule and six with a pulmonary cavity. The complement fixation (CF) titer was positive in 24 subjects. Among those with a positive CF, the median titer was 1:4 with a range from Ͻ1:2 to 1:64. Five subjects were on the antifungal fluconazole at the time of the assay.
Overall cytokine results. Table 2 displays the 30 inflammatory proteins released in response to T27K antigen stimulation based on their mean fold level above the unstimulated control level. As can be seen, 19 proteins were Ͻ5-fold above the control level, 4 were 5-to 10-fold above the control level, and 7 were Ͼ10-fold above the control level. The latter were all cytokines: granulocyte-macrophage colony-stimulating factor (GM-CSF), interleukin-2 receptor alpha (IL-2RA), interleukin-1␤ (IL-1␤), interferon gamma (IFN-␥), IL-2, IL-13, and tumor necrosis factor alpha (TNF-␣). The levels of IL-2 were more than 100-fold above the control level.
Among the 31 subjects, there were no differences between released concentrations of GM-CSF, IL-1RA, IL-1␤, IFN-␥, IL-2, and IL-13 whether the patient had a detectable anticoccidioidal complement fixation (CF) antibody titer or not (P Ͼ 0.05 for all; data not shown). The median concentrations of TNF-␣ released were 3,342 pg/ml in those with positive CF titers compared to 205 pg/ml in those with a negative CF titer (P ϭ 0.016).
In this same group, when the 26 subjects who were not on antifungal therapy were compared to the five subjects receiving such therapy, there were no differences in the released concentrations of GM-CSF, IL-1RA, IL-1␤, or TNF-␣ (P Ͼ 0.05 for all; data not shown). The median concentrations of IFN-␥ and IL-2 were significantly higher in those not on antifungal therapy, 550 and 889 pg/ml, respectively, compared to 5 and 20 pg/ml, respectively, in those on antifungal therapy (P ϭ 0.014 and 0.016, respectively). While it did not reach statistical significance, median concentrations of IL-13 
a n shows the number of subjects in each group. b The cytokine in boldface type was released Ͼ100-fold.
were 44 pg/ml in those on no therapy compared to 0 pg/ml for those on antifungal therapy (P ϭ 0.0959).
Comparing subjects with active coccidioidomycosis to controls. Focusing on the seven cytokines whose ex vivo concentrations after T27K stimulation were Ͼ10-fold above those of unstimulated controls, Table 3 compares the results from subjects to results from 15 healthy controls without a clinical diagnosis of coccidioidomycosis. The controls were divided into two groups that included six immune controls, based on the ex vivo release of their whole blood of Ն100 pg/ml IL-2 above the unstimulated control sample in response to T27K, and nine nonimmune controls, whose blood samples released less than that in response to incubation with T27K. As can be seen, six of the seven cytokines were specifically and significantly increased in both the subjects with active coccidioidomycosis and the immune controls compared to the nonimmune samples. Ex vivo release of IL-1RA appeared to occur in all subjects, suggesting a nonspecific response and therefore was not subsequently analyzed. In addition, although there was a trend for higher concentrations of GM-CSF and IL-1␤ in subjects with active coccidioidomycosis compared to immune controls, only the concentrations of IL-13 were significantly higher (P ϭ 0.0032).
Comparing acute pulmonary disease with other forms of active coccidioidomycosis. Table 4 compares the 13 subjects with active coccidioidomycosis presenting with acute pneumonia to the 18 subjects presenting either with a pulmonary nodule or cavity or with positive serology only. This categorization was made because it is likely that the latter group represents subjects with a longer period of infection prior to diagnosis. There were no differences in age, time from diagnosis to assay, or coccidioidal CF titer between the subjects with acute pneumonia and those with pulmonary nodules or cavities or positive serology only (data not shown). However, those with nodules, cavities, or who were seropositive only were more likely to be white, non- Hispanic (P ϭ 0.018) and to have an underlying disease (P ϭ 0.009) compared to the acute pneumonia group. All concentrations of ex vivo-released cytokines were higher in those with primary pneumonia compared to the nodule, cavity, and serology group. Notably, GM-CSF and IL-1␤ were significantly higher with a trend toward significance for TNF-␣. Outcome of coccidioidomycosis related to cytokine results. Of the 31 subjects, 26 had a follow-up of more than 30 days. Median follow-up for these subjects was 313 days with a minimum of 36 days and a maximum of 806 days. We examined the outcomes based on the last anticoccidioidal CF titer, whether the patient was treated with antifungal therapy, whether their chest radiographs had improved, and whether they were judged to be clinically improved at their last follow-up. These outcomes were then compared to the ex vivo release concentration of the six cytokines upon entry into the study. These data are displayed in Table 5 . The only significant finding was that patients who did not require subsequent antifungal therapy had blood samples that expressed significantly higher levels of IL-2.
DISCUSSION
Six inflammatory proteins, GM-CSF, IL-1␤, IL-2, IFN-␥, IL-13, and TNF-␣, were found to be specifically released ex vivo when whole-blood samples from subjects with recently diagnosed primary pulmonary coccidioidomycosis were incubated with the coccidioidal antigen preparation T27K. While we have previously shown that the T-helper type 1 cytokines IL-2, IFN-␥, and TNF-␣ are released ex vivo when exposed to coccidioidal antigen (5, 7, 8) , the findings for the other cytokines are new and unexpected. We did not find evidence for increased release of IL-6 or IL-17A, as we have previously observed (7) . However, that earlier work did not examine ex vivo cytokine responses early in diagnosis of pulmonary coccidioidomycosis, as was done here. Moreover, a different assay for cytokines was used in these two studies, and these studies may not be strictly comparable (9) .
Given that the levels of released GM-CSF and IL-1␤ were higher in those with acute pneumonia compared to those with pulmonary nodules or cavities or positive serology only on presentation, these two cytokines might serve as sentinel markers for early coccidioidomycosis. GM-CSF is a multipotential cytokine that has been shown to be critical for T cell immunity (10) and appears to play an important part in fungal immunity. In murine models, GM-CSF was protective during early infection with Histoplasma capsulatum (11) and infection with Cryptococcus neoformans (12) and may play a role in human Cryptococcus gattii infection (13) . Similarly, it might be expected that IL-1␤ could be part of an early and innate response in coccidioidal immunity given its pivotal position as an early mediator of inflammation (14) . With regard to fungal infection, IL-1␤ has been shown to have a place in a protective murine vaccine against Coccidioides posadasii (15) as well as in the response to infection with Paracoccidioides brasiliensis (16) and Candida albicans (17) . While all released cytokine concentrations were higher in those with active coccidioidomycosis compared to those with evidence of immunity but without disease activity, only IL-13 was significantly higher in the active disease group. IL-13 may serve to distinguish new disease from established infection. IL-13 has been implicated in allergic airway inflammation and eosinophilia (18) , the latter being a frequently observed phenomenon during primary pulmonary coccidioidomycosis (19) . Additionally, IL-13, in concert with IL-33, has been associated with increased resistance to murine infection with Candida albicans (20) .
We found few associations between the ex vivo release of the six inflammatory cytokines and clinical disease or outcome among the donors with coccidioidomycosis. Higher levels of IFN-␥ and IL-2 were associated with subjects who were not started on antifungal therapy, and elevated IL-2 levels on entry were associated with subjects not requiring subsequent antifungal therapy, suggesting that in particular, IL-2 could be a predictor of an appropriate and controlling immune response.
While this study has several strengths, including performing the assay close to the time of diagnosis and examining only those with primary pulmonary coccidioidomycosis, it also has weaknesses. These weaknesses include the predominantly descriptive nature of the study, the relatively small cohort consisting predominantly of white males, the lack of control over clinical management, and the inability to obtain ex vivo cytokine levels later in the course of illness. Moreover, while many of the subjects with active coccidioidomycosis had underlying diseases, none of those in the control group did. In addition, we were not able to compare our results of subjects with known coccidioidal pneumonia with a group of subjects who had pneumonia due to other causes. Such a comparison would likely have strengthened our conclusions and will be considered for future studies. Despite these concerns, the results suggest that assessing the ex vivo-released antigen-induced levels of six cytokines using a multiplex assay technique might provide important diagnostic and prognostic information in human coccidioidomycosis.
MATERIALS AND METHODS
Subjects. Patients attending the Southern Arizona Veterans Affairs Health Care System (SAVAHCS) for nondisseminated coccidioidomycosis at their initial visit after the diagnosis were eligible for study. After informed consent was obtained, clinical data were collected, including the time from diagnosis to assay, the type of coccidioidomycosis, and the results of the serologic coccidioidal complement fixation titer by immunodiffusion (IDCF titer). IDCF titration was performed by the clinical laboratory of SAVAHCS as previously described (21) . The medical records of each subject were reexamined at the end of the study to determine the clinical outcome. In addition, 15 healthy subjects were recruited as controls. The study was approved by the Human Subjects Protection Committee of SAVAHCS.
Whole-blood cytokine assay. As previously described (7), approximately 5 ml of blood was drawn by venipuncture from each subject and placed into a sterile tube containing sodium heparin. Aliquots were dispensed and incubated at 37°C in 5% CO 2 and 95% air with 20 g/ml of the coccidioidal antigen preparation T27K or without T27K to serve as an unstimulated control. After 18 h of incubation, the supernatant plasma sample was aspirated and frozen at Ϫ80°C until assayed for cytokine concentrations. T27K is the water-soluble supernatant of disrupted, mature, endosporulating spherules of the Silveira strain of Coccidioides posadasii that were killed with thimerosal and subsequently centrifuged at 27,000 ϫ g (22) .
Cytokine concentrations in each sample were determined using the Invitrogen Luminex cytokine human magnetic 30-plex panel assay according to the manufacturer's directions (Thermo Fisher Scientific, Waltham, MA). This technology allows simultaneous assay for 30 human proteins for each sample. Results are expressed as picograms per milliliter.
The 30 inflammatory proteins assayed included 19 cytokines, 7 chemokines, and 4 growth factors. The 19 cytokines were granulocyte colony-stimulating factor (G-CSF), granulocyte-macrophage colonystimulating factor (GM-CSF), interferon alpha (IFN-␣), IFN-␥, interleukin-1␤ (IL-1␤), interleukin-1 receptor alpha (IL-1RA), IL-2, interleukin-2 receptor (IL-2R), interleukin-4 (IL-4), IL-5, IL-6, IL-7, IL-8, IL-10, both the p40 and p70 subunits of interleukin-12 (IL-12), interleukin-13 (IL-13), IL-15, IL-17, and tumor necrosis
